Abstract. Little is known about the distribution and disease association of multiple Plasmodium falciparum infections in pregnant women. Genotyping of the merozoite surface protein-1 region was performed in 332 P. falciparum infected pregnant women in Ghana, and clinical and epidemiologic data were obtained. Overall, 68% of the women were infected with more than one strain (mean number of strains per carrier ϭ 2.9). The multiplicity of infection decreased significantly with an increasing number of pregnancies, and infection with multiple P. falciparum strains was significantly associated with anemia. In logistic regression, women infected with four or more strains were 2.3 times more likely to be anemic than women harboring fewer strains. This association, however, was only observed in women with up to three pregnancies. The results suggest that with increasing gravidity and subsequent infections with multiple strains effective immune mechanisms against more and more strains develop. In pregnant women, the multiplicity of infection may be an important factor for the acquisition and maintenance of immunity against malaria.
INTRODUCTION
Plasmodium falciparum shows high genetic diversity, and in endemic areas infected individuals usually harbor several parasite strains. [1] [2] [3] [4] There is evidence from studies in children that polyclonal infections play a major role in the acquisition of natural immunity against malaria. [5] [6] [7] The multiplicity of infection (MOI, i.e., the number of different parasite genotypes per carrier) increases in early childhood, reaches peak levels at ages three to six and decreases thereafter. 1, 8 The association between MOI and malarial disease appears to be complex, and depends on factors such as age and transmission intensity. In areas of high transmission, MOI has been found to be associated with clinical malaria in children up to the age of approximately two years. In older age groups, however, children with a high MOI were significantly less likely to subsequently develop disease compared to children with a lower MOI. [5] [6] [7] 9 The discordant associations between MOI and clinical disease in infants and older children may reflect differing degrees of immune control. 10 With age, subsequent and often long-lasting infections with different strains of P. falciparum result in the gradual acquisition and expansion of strain-specific immunity. 11 In older children and adults, these immune mechanisms appear to control rather than to eliminate parasitemia. 12, 13 Chronic infections with a broad range of antigenically diverse strains is thought to result in cross-reactive immunity that may prevent superinfection by additional strains and clinical disease. 13 In highly endemic areas, apart from children, pregnant women, and primigravidae in particular, are at increased risk of P. falciparum infection and clinical malaria. 14, 15 Malaria in pregnancy causes intrauterine growth retardation, low birth weight, and preterm delivery, [16] [17] [18] significantly contributing to neonatal mortality. 19 This increased susceptibility has been attributed to specific strains of P. falciparum that are able to adhere to placental tissue. 20, 21 A few studies showed that infection with multiple P. falciparum strains are common in pregnant women. 3 However, little is known about the possible role of multiple P. falciparum infections as a determinant of malarial disease in pregnant women. We carried out a study in a highly endemic area of Ghana to investigate the distribution and disease association of multiple infections with P. falciparum among pregnant women of different gravidity.
SUBJECTS, MATERIALS, AND METHODS

Study population.
In November and December 1998, 530 pregnant women presenting for routine antenatal care at the Presbyterian Mission Hospital in Agogo, Ghana were recruited into a study on malariologic indices in pregnancy. 22 This region is holoendemic for malaria. 23 Ethical approval was given by the Ghanaian Ministry of Health and informed consent was obtained from the study participants. Sociodemographic data and an obstetric history were documented. Gravidity was defined in this study as the total number of pregnancies including the current one. Information on gravidity of the women was obtained by trained midwife nurses. They also assessed the gestational age. Venous blood was drawn in tubes containing EDTA and urine samples were collected.
Laboratory examinations. Hemoglobin concentrations were measured using a HemoCue photometer (HemoCue, Å ngelholm, Sweden). Anemia was defined as a hemoglobin level Ͻ 11 g/dl. 24 Full blood counts were performed using a Cell Counter (HC555, Clinicon, Mannheim, Germany). Parasite densities were counted per 500 leukocytes on Giemsastained thick blood films and calculated as parasites per microliter on the basis of the individual white blood cell count. In addition, genomic DNA was extracted from blood (QIAmp Blood Kit, Qiagen, Hilden, Germany) and nested polymerase chain reaction (PCR) assays specific for P. falciparum, P. malariae, and P. ovale were carried out to detect infections below the threshold of microscopy. 25 Antimalarial drugs were assessed in urine by an enzyme-linked immunosorbent assay dipstick coated with monoclonal antibodies against chloroquine (CQ) and pyrimethamine (PYR). The detection threshold is approximately 120 nmol/L for CQ and 250 nmol/L for PYR. A positive test result indicates CQ intake within the last three months, and/or PYR intake within the last three weeks, respectively. 26 Genotyping of P. falciparum. Plasmodium falciparum was detected by PCR in the blood samples of 335 women.
To genotype strains in these samples, sequences coding for the highly polymorphic P. falciparum merozoite surface protein-1 (MSP-1) were amplified by nested PCR assays. Alleles of MSP-1 are characterized by conserved regions flanking repeat sequences of variable length. 27 Therefore, size variation within the alleles can be used to discriminate different parasite strains by PCR fragment length polymorphism. Since the malaria parasite in the human host is haploid, the presence of more than one allele indicates a multiple infection. Detection of length polymorphism and, thus, multiple infections followed the protocol of Robert and others. 28 PCR products were separated by electrophoresis on 3.5% low-melting agarose gels (Nusieve GTG; FMC Bioproducts, Rockland, ME), visualized by staining with ethidium bromide and UV fluorescence, and sized against a 50-basepair molecular weight marker (Gibco BRL, Karlsruhe, Germany). For samples from which no amplification product was obtained, PCR assays were repeated three times with identical, half, and double amounts of template DNA. The absolute number of distinct fragments found at the three allelic family sites (RO33, MAD20, and K1) in an individual indicates the number of different P. falciparum clones. Samples with more than one fragment were defined as multiple infections (MOI Ͼ 1) in contrast to single infections (MOI ϭ 1).
Statistical analysis. For comparisons of proportions, the chi-square test was used. Non-parametric tests were performed to compare quantitative variables (e.g., number of different MSP-1 genotypes) between two or more groups (Mann-Whitney U tests and Kruskal-Wallis tests). Previous data analyses revealed that the self-reported data on age were not valid and could not be used in further analysis. Logistic regression analysis was performed to adjust for confounding effects on the association between multiple infection and malaria disease (anemia, fever) and to investigate possible interactions. All variables that were associated with the outcome in univariate analysis were entered into the logistic regression model. They were kept in the model if they significantly improved it according to the likelihood ratio statistic. Possible interactions were also investigated.
RESULTS
Multiplicity of P. falciparum infection.
The amplification of the MSP-1 region was successful in 332 (99%) of the samples. Overall, 12 distinguishable alleles of the MSP1gene were identified (4 MAD20-type, 7 K1-type, and 1 RO33-type). Multiple genotypes were detected in 68% of the women, and the mean number of genotypes per carrier was 2.9 (range ϭ 1-12). Of the women, 49% had submicroscopic P. falciparum infection, 36% had parasite densities of 11Ϫ1,000/l, and 15% had Ͼ 1,000/l.
The parasite density, the prevalence of multiple infection, and the MOI were highest among primigravidae and showed a decreasing trend with increasing gravidity (Figure 1 and Table 1 ). Of the primigravidae, 74% had multiple infections (mean number of alleles ϭ 3.5), whereas these figures were 54% (2.2) in those with five or more pregnancies. Univariate analysis showed that parasite density was strongly associated with MOI (Table 1) , and women with residual antimalarials in the urine (CLQ and/or PYR) had a reduced prevalence of multiple infection and a lower MOI compared with women who did not take antimalarials. Other variables such as multi-species infection, trimester, or site of residence (town versus village) were not significantly associated with multiple infections.
Logistic regression analysis, after adjusting for gravidity and detection of antimalarials in the urine, showed that a significant association between parasite density and multiple infections remained. The odds ratio (95% confidence interval [CI]) for a multiple infection was 3.0 (1.8-5.1) in the category 11-1,000 parasites/l, and 8.0 (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) in the category Ͼ 1,000 parasites/l compared with the baseline category of submicroscopic infections. The odds ratio for multiple infection decreased with an increasing number of pregnancies, and was lowest among women with Ն 5 pregnancies. This trend was only marginally significant. However, because of the high degree of multicollinearity between the two variables, it appeared not to be appropriate to include both parasite density and gravidity into the same regression model. No significant effect of antimalarial drugs on multiple infections was observed anymore in multivariate analysis.
Multiplicity of P. falciparum infection and disease. Overall, 61% of the women were anemic (hemoglobin level Ͻ 11 g/dl), and 18% had fever. Univariate analysis showed that the MOI was significantly associated with anemia but not with fever (Table 1) . Other variables that were associated with anemia (by univariate analysis) included parasite density, multi-species infection, gravidity, and trimester. The frequency of anemia decreased from 77% in primigravidae to 48% in women with five or more pregnancies (P Ͻ 0.001, by chi-square test for trend) (Figure 1) .
Logistic regression analysis showed that infection with multiple genotypes was an independent predictor of anemia after adjusting for confounders such as parasite density, or number of pregnancies (Table 2 ). Women infected with four or more different strains were 2.3 times more likely (95% CI ϭ 1.2-4.5) to be anemic compared with women with mono-infections. However, this association was only significant in women with less than four pregnancies. In this subgroup, the adjusted odds ratio (for anemia in the group harboring Ն 4 strains compared with those with only one strain) was 3.1 (95% CI ϭ 1.4-7), but only 1.2 (95% CI ϭ 0.4-2.5) in women with Ն 4 pregnancies.
DISCUSSION
In this holoendemic area of Ghana, a high proportion of P. falciparum-infected pregnant women was found to harbor multiple strains of the parasite. The prevalence of multiple infections of 68% in our study population is in accordance with the results from children in mesoendemic to holoendemic regions where the respective prevalences ranged from 50% to 85%. 2, 8, [28] [29] [30] Our finding that the parasite density and the prevalence of anemia are highest among primigravidae and decrease with an increasing total number of pregnancies corroborates previous studies. 14, 15 Interestingly, in this study the same decreasing trend was observed with respect to the multiplicity of P. falciparum infection. Women who had had none or only few pregnancies before the current one are obviously not able to eliminate many of the P. falciparum FIGURE 1. Plasmodium falciparum density (geometric mean with 95% confidence interval), prevalence of multiple P. falciparum infections, and anemia according to gravidity. strains which are prevalent in the area. In contrast, women of higher gravidity have acquired efficient anti-parasite immunity against most of these local strains during successive pregnancies. It is noteworthy, that in this study the prevalence of multiple infections and the MOI are markedly reduced only in women with five or more pregnancies.
There is evidence that P. falciparum strains exist that have specifically high affinity to placental receptors such as chondroitin sulfate A (CSA), and therefore are sequestered in the placenta. 20, 21 With successive pregnancies, women are subsequently exposed to a variety of these strains and develop efficient mechanisms to control infection and prevent disease. This hypothesis is supported by a recent study. 31 It demonstrated that parasites found in pregnant women were antigenically distinct from those common in children in the study area, and that the prevalence of agglutinating antibodies against these strains increased with gravidity. In hyperendemic areas, women usually acquire such antibodies during their first or second pregnancies. 32 In this context, it is of interest that in our study the risk of anemia was significantly increased in highly complex infections but only among women with less than four pregnancies. The fact that the ability to control multiple parasite strains is only obtained after Ն 4 pregnancies suggests that there are additional immune mechanisms that are more slowly acquired during pregnancy than antibodies against CSAbinding parasites.
Despite the immunologic differences between pregnant women and children, these results fit into the framework of previous observations and hypotheses concerning the situation in children. In infants, MOI is strongly associated with parasite density and malarial disease. 6, 10, 33 After birth and a short period of relative protection, infants are successively exposed to a broad range of parasite strains, only few of which are likely to be recognized by strain-specific or crossreactive immune mechanisms. 4, 11 With age many individuals develop a repertoire of immune responses and are able to control an increasing number of different P. falciparum strains. 13 Chronic infection with different P. falciparum strains, which is much more common in children in hyperendemic areas than previously thought, 12 may be necessary not only to acquire but to maintain effective immune mechanisms. This is in accordance with the observation that after an age of approximately two years children infected with multiple strains are less likely to subsequently experience clinical attacks. 5, 6, 33 In successive pregnancies, women are also more likely to be repeatedly exposed to more and more strains and to develop strain-specific and cross-reactive immunity.
We cannot entirely rule out the possibility that the decreasing sensitivity of the PCR in detecting multiple infections at very low levels of parasitemia, which are common in women with a high number of pregnancies, 22 may have biased our results. Thus, the MOI may have been underestimated, particularly in multigravidae. Such a bias, however, could not explain the finding that multiple infections were associated with anemia only in women with less than four pregnancies. Multivariate analysis showed, somewhat unexpectedly, that the detection of antimalarials in urine had no influence on either the MOI or the prevalence of anemia. This has to be interpreted with caution because CLQ and PYR can be detected for several weeks after intake. Thus, the detected drug levels may have become sub-effective at this point in time. However, the results may also indicate the presence of drug resistance which has been described for the study region. 34 Drug intake may be an important modifying factor in the acquisition of immunity against malaria. In a longitudinal study in children, CLQ chemoprophylaxis reduced the multiplicity of infection. However, after chemoprophylaxis was stopped, the multiplicity and the risk of clinical malaria increased again. 35 Such a rebound effect could play a role in pregnant women as well, and longitudinal studies are needed to elucidate such effects.
In conclusion, multiplicity of P. falciparum infection decreased with increasing gravidity in pregnant women in Ghana. Anemia was associated with multiple infections in women with less than four pregnancies indicating that, in a possible analogy to the improving control of multiple infections in children with age, effective immune mechanisms develop against more and more parasite strains with successive pregnancies.
